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The discovery that Bcl-6 was the transcriptional regulator of follicular helper T (Tfh) cells completed the
recognition of this population as an effector subset specialized in the provision of help to B cells. Improved
reagents and recent models that allow tracking of Bcl-6-expressing T cells have revealed that the decision to
become a Tfh cell occurs soon after T cells are primed by dendritic cells and start dividing, before interaction
with B cells. The latter are important for sustaining Bcl-6 expression. Bcl-6 coordinates a signaling program
that changes expression or function of multiple guidance receptors, leading to Tfh cell localization within
germinal centers. This program is not unique to CD4+ helper T cells; FoxP3+ regulatory T cells and NKT
cells co-opt the follicular differentiation pathway to enter the follicle and become specialized follicular cells.
This review will focus on recent insights into the early events that determine Tfh cell differentiation.The Germinal Center Response
Memory B cells and long-lived plasma cells are important for
lasting protection against infections. Whereas memory B cells
can be rapidly activated upon antigen encounter to produce
antibody, long-lived plasma cells that generally reside in the
bone marrow secrete antibody for long periods of time (Tarlinton
et al., 2008). Both of these terminally differentiated B cell types
arise in specialized microenvironments of secondary lymphoid
tissues known as germinal centers (GCs). GCs form once
antigen-activated B blasts that have received cognate T cell
help at the T:B zone border enter the follicles (Allen et al.,
2007a; MacLennan, 1994; Tarlinton, 2008).
The precise dynamics of the B cell maturation and selection
events in the GC have been controversial (Allen et al., 2007a).
Improvements in in vivo imaging technologies have recently
allowed tracking of individual GC cells for prolonged periods of
time (Victora et al., 2010), confirming many of the early predic-
tions (Allen et al., 2007a; MacLennan, 1994). Within the GC
area closest to the T zone, also known as the dark zone, centro-
blasts actively cycle and activate the somatic hypermutation
process that introduces random point mutations predominantly
into the Ig V region genes encoding the B cell receptor (BCR).
This changes the affinity of the BCR for the immunizing antigen
and as a consequence, some cells by chance increase their
affinity, whereas others may lose it or become self-reactive
(Jacob et al., 1991; Kelsoe, 1996).
The progeny of centroblasts, known as centrocytes, localize
to the T zone distal light zone of the GC. They take up antigen
held on follicular dendritic cells (FDCs) and present it to and
receive survival signals from GC-associated T cells (Vinuesa
et al., 2010). Selection of high-affinity GC B cells is thus thought
to be mediated by limiting GC T cells, on the basis of the amount
of antigen captured and presented. Successive rounds of
mutation and T cell-mediated selection in the GC leads to affinity
maturation of the antibody response (Allen et al., 2007a;
MacLennan, 1994; Tarlinton, 2008). At some point during this
cyclic process, some selected B cells differentiate into either
memory B cells or long-lived plasma cells (Tarlinton, 2008).Thus, the germinal center is a unique microenvironment in
which B cells undergo somatic mutation and are then selected
by specialized T cells to generate high-affinity, long-lived anti-
body-producing cells.
Cues Guiding B and T Cells Early during
the GC Response
The GC response depends on a fast-paced series of cellular
interactions and as such the precise coordination of cell
movement is critical. Central to this coordination is the regulated
expression of chemoattractant receptors in responding B and
T cells (Figure 1). The chemokine receptor CXCR5 guides B cells
into follicles in response to CXCL13 that is expressed by follicular
stromal cells, whereas CCR7 guides T cells to the T zone in
response to CCL21 (Figure 1). Within hours of antigen encounter,
B cells upregulate CCR7 and travel to the T:B zone border (Reif
et al., 2002).
Activated B cells also upregulate EBI2 (GPR183) (Pereira
et al., 2009), a receptor that supports migration in response to
7a,25-dihydroxycholesterol (Hannedouche et al., 2011; Liu
et al., 2011), and this receptor helps distribute B cells along the
T:B zone border. The function of EBI2 is further augmented
upon B cell encounter with helper T cells, while CCR7 function
is reduced, and the helped B cells move to inter- and outerfollic-
ular regions (Kelly et al., 2011). B cells that take on the Bcl6hi GC
fate maintain CXCR5, downregulate EBI2, and cluster at the
follicle center. Centroblasts are CXCR4hi and CXCR4 promotes
their migration to the dark zone although CXCR4 surface expres-
sion is reduced on centrocytes (Allen et al., 2004). GCB cells also
express high amounts of the migration-inhibitory sphingosine-1-
phosphate (S1P) receptor, S1PR2, and this helps promote their
confinement to the GC (Green et al., 2011).
CD4 T cells activated by antigen recognition in the T zone
downregulate CCR7, a change that favors localization at the
T:B zone border (Baumjohann et al., 2011; Choi et al., 2011; Hay-
nes et al., 2007). A defining feature of a B helper T cell is upregu-
lation of CXCR5 (Vinuesa et al., 2005), a step that probably
coincides with movement to inter- and outerfollicular regionsImmunity 35, November 23, 2011 ª2011 Elsevier Inc. 671
Figure 1. Cues Guiding Activated T and B cells Early during the GC Response
Naive B cells enter follicles (green shading) guided byCXCR5 expressed on the B cell, and CXCL13 expressed by the stroma. These cells are CXCR5hi, EBI2+, and
CCR7lo. Naive T cells migrate to T zones (red shading) in response to CCL21. These cells are CCR7hi. Migration of the B cell to and distribution along the T:B zone
border is mediated by the B cells’ ability to upregulate CCR7 and EBI2 upon binding antigen (second image from the left). Primed CD4 T cells upregulate Bcl-6
(orange nucleus) and downregulate CCR7 (second image). B cells receiving T cell helpmove to interfollicular regions (third image). After cognate interaction with B
cells, T cellsmaintain highBcl-6, upregulateCXCR5, and colocalize with B cells in interfollicular regions (third image). At these sites, someBcells upregulate Bcl-6.
These cells then downregulate EBI2 and cluster at the follicle center (fourth image). Tfh cells migrate through the follicle and GC light zone (fourth image).
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required for subsequent access to the primary follicle (Arnold
et al., 2007; Hardtke et al., 2005; Haynes et al., 2007).
The exact kinetics of T cell association with the GC are not well
defined and will probably differ in responses to different types of
antigen, but because GC form at the center of follicles, T cell
access to the follicle must typically precede access to the GC.
Consistent with an important role for T cell CXCR5 in such
access, GC responses are more strongly affected by T cell
CXCR5 deficiency than extrafollicular plasma cell responses
(Haynes et al., 2007), although in some cases the extrafollicular
responses are affected (Hardtke et al., 2005; Junt et al., 2005).
Two-photon microscopy of preformed GCs in lymph nodes
has shown that helper T cells can migrate between the follicle
and GC (Allen et al., 2007b; Kitano et al., 2011; Qi et al., 2008).
Within the GC, T cells represent 5% of the cells and approxi-
mately one-third are engaged in long cognate interactions with
GC B cells (Allen et al., 2007b).
It emerges that coordinated changes in expression of
numerous guidance receptors including CXCR5, CCR7, EBI2,
CXCR4, and S1PR2 in B cells and/or CD4+ T cells is critical
to position T and B cells to inter- and outerfollicular regions.
Correct positioning in turn facilitates T:B cognate interactions
and subsequent follicular entry.
Tfh Cells and GC Tfh Cells
The possibility that high-affinity B cell mutants specific for—or
cross-reactive with—self-antigens can emerge fromGCsmakes
this a potentially dangerous microenvironment (Vinuesa et al.,
2009). Not surprisingly, a number of regulatory mechanisms,
some of them unique to GCs, operate to prevent the emergence
of self-reactivities while allowing selection of high-affinity
antibody-producing cells that can potently help eliminate or
neutralize microbes and their products (Goodnow et al., 2010).
Central to this selection is the delivery and presentation of
antigen by specialized antigen-presenting cells in follicles
including macrophages, FDCs, and B cells themselves (Cyster,
2010), as well as GC T cell-mediated selection of antigen-672 Immunity 35, November 23, 2011 ª2011 Elsevier Inc.specific B cells that have taken up antigen (Kelsoe, 1996; Victora
et al., 2010). In turn, GC T cells appear to be tightly regulated
by specialized follicular regulatory CD4+ and CD8+ T cells
(Chung et al., 2011; Kim et al., 2010; Linterman et al., 2011).
In the last decade, T cells capable of providing help for GC
formation and maintenance have been recognized to be a sepa-
rate subset of helper T cells and named T follicular helper (Tfh)
cells (Crotty, 2011; King, 2009; Vinuesa et al., 2005). Tfh cells
undergo a stepwise differentiation process critically dependent
on expression of the transcriptional repressor Bcl-6 (Johnston
et al., 2009; Nurieva et al., 2009; Yu et al., 2009).
At least two separate maturation and functional stages of Tfh
cell development have been defined. Bcl-6-expressing Tfh cells
can be visualized within the first 3 days after T cell priming at the
T:B zone border in mouse spleen (Lee et al., 2011) and in the in-
terfollicular regions of lymph nodes in both humans and mice
(Figure 1; Bentebibel et al., 2011; Kerfoot et al., 2011; Kitano
et al., 2011). These Tfh cells engage in a first cognate interaction
with B cells at these sites and prime B cells for entry into cell
cycle and further differentiation along both follicular and extrafol-
licular pathways. It is at this early stage prior to GC formation
when Ig isotype switching is triggered, guided by the different
cytokines produced by Tfh cells (Pape et al., 2003; Toellner
et al., 1998). In the absence of T cell-expressed Bcl-6, formation
of GCs and extrafollicular plasma cells is greatly impaired during
T cell-dependent responses (Johnston et al., 2009; Lee et al.,
2011; Nurieva et al., 2009; Yu et al., 2009). This does not exclude
a role for other T helper cells in plasmablast development. Exag-
gerated Th2 cell activity in Bcl-6-deficient mice is accompanied
by abundant production of IgE (Ye et al., 1997), suggesting the
existence of T cell-dependent Ig switching and/or plasmablast
differentiation pathways independent of Tfh cells. Thus, although
Bcl-6 expression in T cells facilitates help for B cell responses
through a number of mechanisms to be discussed below, under
some conditions T cells lacking Bcl-6 may have a physiological
role in promoting B cell terminal differentiation in vivo.
Those Tfh cells that successfully engage in prolonged and
stable interactions with B cells in a SAP signaling-dependent
Figure 2. Tfh and GC Tfh Cell Development
T cells primed by DCs can express Bcl-6 soon after CD28-mediated priming under the influence of cytokines such as IL-12 in humans. Polarization into
Bcl-6- versus Blimp-1-expressing cells can be observed as early as after the first cell division. Differentiation into Tfh cells—CCR7lo CXCR5+ PD-1+ ICOS+
IL-2Ralo—occurs soon after that, prior to B cell interaction, and is enhanced by ICOS signaling. By contrast, IL-2 signaling promotes Blimp-1 expression in
non-Tfh cells, which upregulate IL-2Ra expression. Bcl-6 expressing Tfh cells prime B cells for both GC and extrafollicular plasma cell responses. Cognate
interaction with B cells stabilizes Bcl-6 expression—possibly coinciding with a reported ‘‘second wave’’ of Bcl-6 expression by Tfh cells at their fifth cell division.
Highly and stably expressed Bcl-6 in Tfh cells is important for optimal downregulation of CCR7 and PSGL-1 and upregulation of CXCR5 and SAP, all of which
are required for follicular entry and ‘‘residence’’ as GC Tfh cells. Within germinal centers, GC Tfh cells provide GC B cells that have taken up antigen held on
follicular dendritic cells (FDCs), with growth and survival signals such as IL-21. Tfh-derived IL-21 and/or IL-6 of stromal origin also appear to be important for
maintaining Tfh cells.
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Reviewmanner (Cannons et al., 2010; Qi et al., 2008) enter the follicles
and becomeGC Tfh cells, characterized by their high expression
of CXCR5 (Figure 1) and PD-1. The main known role of GC Tfh
cells is to provide survival and selection signals to mutated GC
B cells via IL-21 and CD40L (Crotty, 2011; Victora et al., 2010;
Vinuesa et al., 2010).
In summary, Bcl-6-expressing Tfh cells establish a first
cognate interaction with B cells at the inter- and outerfollicular
regions that leads to B cell differentiation along either extra-
follicular or GC pathways. Those Tfh cells that engaged in
long-lasting interactions with B cells can access and are retained
in secondary follicles as GC Tfh cells that can participate in
subsequent cognate interactions with GC B cells.
Early DC-Dependent and B Cell-Independent
Upregulation of Bcl-6
Given the demonstration that Bcl-6 is necessary and sufficient
for Tfh cell formation, and that Bcl-6 represses Th1, Th2, and
Th17 cell programs (Johnston et al., 2009; Nurieva et al., 2009;
Yu et al., 2009), it has been accepted that Tfh cells constitute
a distinct specialized helper cell type in its own right. Neverthe-
less, it has been contentious whether Tfh cells differentiate
from other T helper effector cells (Awasthi and Kuchroo, 2009;
Murphy and Stockinger, 2010) or arise in an independent
pathway at the time of T cell priming; finding Tfh cells that shared
Th1, Th2, or Th17 cell features depending on the immunizing
antigen suggested that the former might be the case (Bauquet
et al., 2009; Reinhardt et al., 2009; Zaretsky et al., 2009). Further-
more, the observed dependence onB cells for the appearance of
the Tfh cell subset suggested that interaction between different
types of T helper cells and antigen-activated B cells was the
defining step in Tfh cell differentiation (Crotty et al., 2010).
Although several studies had convincingly demonstrated that
cells with a Tfh phenotype— CXCR5hi PD-1hi—could not be
found in substantial numbers in the absence of antigen-specificB cells (Haynes et al., 2007; Johnston et al., 2009; Zaretsky et al.,
2009), an essential role for B cells was questioned when it was
demonstrated that repeated peptide immunization could induce
Tfh cells in B cell-deficient mice (Deenick et al., 2010). In recent
months, a number of independent studies reviewed below have
together shown that Tfh cells arise at the time of T cell priming by
DC but B cells are generally required to sustain Bcl-6 expression
and promote entry into GC and Tfh cell maintenance.
Evidence to suggest that initial differentiation to Tfh cells might
occur prior to interaction with B cells came from observations
that human DCs could induce Bcl-6 expression in T cells in an
IL-12-dependent manner (Schmitt et al., 2009) and the demon-
stration of Bcl6 mRNA upregulation in T cells in the absence of
B cells (Poholek et al., 2010). Bcl6 transcripts were nevertheless
much higher in B cell-sufficient mice, demonstrating that B cells
were required for maximal or sustained Bcl-6 expression.
Subsequent studies looking at Bcl-6 protein confirmed that
this transcription factor was expressed in primed T cells in the
absence of B cells (Baumjohann et al., 2011; Choi et al., 2011;
Goenka et al., 2011; Kerfoot et al., 2011; Kitano et al., 2011).
However, in the absence of B cells capable of presenting
cognate antigen, Bcl-6 expression was not sustained and Tfh
cell numbers declined within the first week after immunization.
Via immunofluorescence staining of draining lymph nodes,
Bcl-6 was expressed as early as day 1 after immunization of
mice receiving ovalbumin-specific (OT-II) TCR transgenic
T cells (Kerfoot et al., 2011) and flow cytometric analysis
with Bcl-6-reporter mice revealed consistent upregulation by
day 2 (Kitano et al., 2011). When evaluated alongside T cell
division 48 hr after immunization, Bcl-6 protein expression was
upregulated in all cells at the first cell division and remained
at comparable amounts in cells that had divided up to three
times (Baumjohann et al., 2011; Kitano et al., 2011) (Figure 2).
When evaluated 1.5 days later (day 3.5), a strong increase in
Bcl-6 protein was still noted in all cells that had undergone oneImmunity 35, November 23, 2011 ª2011 Elsevier Inc. 673
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Reviewdivision, but expression decreased in cells dividing two or more
times. A second wave of Bcl-6 upregulation was noted by the
fifth cell division (Baumjohann et al., 2011), which is likely to coin-
cide with the establishment of cognate interactions between
primed T cells and B cells.
In LCMV-infected mice analyzed 48 hr after infection, Bcl-6
protein was observed in 20% of virus-specific cells that had
undergone two divisions (Choi et al., 2011). The remaining
80% of cells expressed high amounts of IL-2Ra, shown to
correlate well with Blimp-1 expression on day 3. Activated
T cells had fully differentiated and polarized into Bcl-6+ CXCR5+
Tfh or Blimp-1+CXCR5 non-Tfh cells by day 3 after LCMV infec-
tion (Choi et al., 2011). An unresolved discrepancy between this
study and that of Baumjohann et al. (2011) is that the respective
abundance versus absence of cells lacking Bcl-6 at the second
cell division; it is possible that this varies according to the
lymphoid organs analyzed (spleens versusdraining lymphnodes)
and immunization strategies (NP-OVA in alum versus LCMV).
Together, these results suggest that Bcl-6 can be expressed
soon after T cell priming by DCs. This striking and early polariza-
tion into either Bcl-6- or Blimp-1-expressing T cells provides
compelling evidence that Tfh cell differentiation occurs in a
manner which is mutually exclusive of differentiation into other
T helper subsets. This early stage appears to be malleable,
with some cells losing Bcl-6 expression and therefore potentially
becoming other effectory-memory cell types. It will be important
to determine whether the cells that remain Bcl-6hi are indeed
committed to this differentiated state or can transition to other
effector states.
It is worth pointing out that Bcl-6 protein expression alonemay
not be an accurate reflection of Bcl-6 activity. There is evidence
that Bcl-6 may be modified posttranslationally via acetylation,
negatively influencing nuclear localization and its ability to bind
certain gene promoters (Bereshchenko et al., 2002; Yang
et al., 2010). Furthermore, signaling events can also influence
the ability of Bcl-6 to recruit particular co-repressor complexes
(Polo et al., 2008). This may dampen the repressive activity of
Bcl-6 over Blimp-1, allowing for some Bcl-6-expressing cells
to upregulate Blimp-1 and change their fate in the early stages
of the response. Simultaneous expression of Bcl-6 and Blimp-
1 has been shown to occur in other follicular T cell types (Linter-
man et al., 2011).
Together, these studies suggest that Tfh cell differentiation is
determined at the time of T cell priming by DCs, prior to T:B inter-
action. Interaction with B cells helps sustain Bcl-6 expression,
which is important for follicular entry and maintenance of GC
Tfh cells.
How Do DCs Influence Tfh Cell Fate?
The evidence cited above demonstrates that DCs can induce
a Tfh cell phenotype (Figure 2). The question that arises is how
can DCs determine whether a primed T cell becomes a Tfh
versus a non-Tfh cell? Antigen targeted to DCs has been shown
to promote Tfh cell formation under conditions in which antigen
presentation is enhanced (Lahoud et al., 2011). Using mono-
clonal antibodies to target ovalbumin to three different antigens
on CD8+ DCs, Lahoud et al. (2011) showed that targeting to
Clec9A promoted Tfh cell development, possibly as a result of
prolonged antigen presentation by MHC class II.674 Immunity 35, November 23, 2011 ª2011 Elsevier Inc.In their study, Choi et al. (2011) showed that ICOS signals at
the time of T cell priming by DCs promoted Bcl-6 upregulation
and therefore Tfh cell differentiation. This occurred in parallel
with the development of Blimp-1+ cells that expressed the high-
est amounts of IL-2Ra, suggesting IL-2 signals favored a non-Tfh
pathway. IL-2 has been shown to enhance expression of IL-2Ra
and Blimp-1 (Gong and Malek, 2007; Pipkin et al., 2010). In the
case of ICOS, coupling of a cytoplasmic YFMF motif to PI3K
activation promotes Tfh cell differentiation (Gigoux et al., 2009)
and the signaling most likely occurs via the p110d isoform of
PI3K (Rolf et al., 2010). Although ICOSL is expressed constitu-
tively on DCs, there is evidence that certain infectious agents
can enhance its expression (Han et al., 2006).
The presence of small numbers of Tfh cells and some Bcl-6
upregulation in Icos/ mice suggests that other DC-derived
factors may also play a role in early commitment to the Tfh cell
pathway. DC-produced cytokines such as IL-6 in mice and
IL-12 in humans promote Tfh cell formation in vitro (Ma et al.,
2009; Nurieva et al., 2009; Schmitt et al., 2009). In mice, IL-6
does not appear to be essential for Tfh cell formation (Poholek
et al., 2010), although the reduced magnitude of the GC
response in Il6/ mice to haptenated antigen indicates that it
may play a later role in established GC reactions (Wu et al.,
2009). Consistent with a late role, Il6/ mice failed to maintain
Tfh cells during a chronic viral infection (Harker et al., 2011).
Combined absence of IL-21 and IL-6, unlike either cytokine
alone, causes a reduction in the number of Tfh cells during acute
LCMV infection (Eto et al., 2011), suggesting that these cytokines
can act redundantly to promote optimal Tfh cell formation. Previ-
ously, it had been shown that IL-21 acted in an autocrine manner
to enhance Tfh cell formation and maintain Tfh cell numbers in
some (Linterman et al., 2010; Nurieva et al., 2007; Vogelzang
et al., 2008) but not all experimental models (Poholek et al.,
2010; Zotos et al., 2010). IL-27 has also been shown to promote
Tfh cell formation and/or maintenance, through its ability to
induce IL-21 (Batten et al., 2010).
Although it is possible that ICOS and cytokine signals such as
IL-2 re-enforce Tfh versus non-Tfh cell differentiation (Choi et al.,
2011), it is unlikely that these are solely responsible for the earliest
Tfh cell commitment, if only because ICOS and IL-2 expression
are common to all newly primed T cells. It is possible the initial
decision to become a Bcl-6- versus a Blimp-1-positive cell is
purely stochastic, which would ensure the generation of cell-
mediated and humoral immunity, and thereafter, signals such
as ICOS and IL-2 and mutual repression exerted by Bcl-6 and
Blimp-1 may maintain the respective Tfh and non-Tfh cell fates.
The dichotomous polarization of T cells toward Tfh versus non-
Tfh cells is also reminiscent of T cell lineage decisionsdetermined
by polarized segregation of fate-determining proteins during the
T:DC synapse followed by asymmetric cell division (Reiner, 2008;
Russell, 2008). Given the required prolonged antigen presenta-
tion by DCs for robust Tfh cell formation (Lahoud et al., 2011), it
is possible that during T cell priming by DCs, unequal partitioning
of Bcl-6 and/or Blimp-1 into the two daughter cells may deter-
mine Tfh cell differentiation. The daughter T cell that maintains
longer contact with the DC—and therefore increased ICOS
signals—may be more prone to becoming a Tfh cell.
In conclusion, a number of DC-derived factors including their
ability to present peptides in a stable form, cytokines such as
Immunity
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sion and Tfh cell formation. However, the initial commitment to
a Tfh versus non-Tfh cell fate at the time of priming is likely to
be purely stochastic and perhaps dictated by asymmetric parti-
tioning of the key transcription factors as primed T cells divide
following formation of the T:DC synapse.
Dynamics of Tfh Cell Terminal Differentiation
into GC Tfh Cells
Important consequences of Bcl-6 expression are upregulation
of CXCR5 and downregulation of CCR7 (Johnston et al., 2009;
Nurieva et al., 2009; Yu et al., 2009). Opposite modulation of
these chemokine receptors is required to help Bcl-6-expressing
T cells localize to B cell areas (Figure 1; Hardtke et al., 2005;
Haynes et al., 2007). Bcl-6-expressing T cells can be visualized
soon after T cell priming at the T:B zone border in mouse spleen
(Lee et al., 2011) and the interfollicular regions of lymph nodes in
both humans and mice (Bentebibel et al., 2011; Kerfoot et al.,
2011; Kitano et al., 2011).
CCR7 downregulation may be sufficient to favor movement to
the B:T boundary (Haynes et al., 2007), whereas both CXCR5
upregulation and CCR7 downmodulation are important for
access to the follicle interior (Hardtke et al., 2005; Haynes
et al., 2007). Although the initial wave of Bcl-6 induced after
T cell activation on DCs was insufficient for upregulating
CXCR5, these conditions were sufficient to promptly down-
regulate CCR7 (Baumjohann et al., 2011), suggesting a phasic
relocalization process during Tfh cell differentiation (Figure 1).
In activated B cells, Bcl-6-mediated downregulation of EBI2
(GPR183), a chemoattractant receptor that responds to 7a,25-
dihydroxycholesterol (Hannedouche et al., 2011; Liu et al.,
2011), is important for allowing movement away from outer-
and interfollicular regions and clustering at the follicle center
(Gatto et al., 2009; Pereira et al., 2009). CD4+ T cells express
EBI2 and migrate in response to 7a,25-dihydroxycholesterol
(Hannedouche et al., 2011; Liu et al., 2011; Pereira et al., 2009;
and L. Kelly, T.Yi, and J.G.C., unpublished data) but it is not yet
clear whether Bcl-6-mediated downregulation of EBI2 will be
a component of the migrational reprogramming of GC Tfh cells.
As well as downregulating CCR7, Tfh cells downregulate P-
selectin ligand glycoprotein-1 (PSGL-1), probably in a Bcl-6 de-
pendent manner (Poholek et al., 2010). PSGL1 can bind CCL21
and augment CCR7 function (Veerman et al., 2007), and its
downmodulation may facilitate Tfh cell movement into follicles.
Bcl-6 expression in T cells precedes that of B cells by 1–2 days
(Kerfoot et al., 2011; Kitano et al., 2011), consistent with the
requirement of Bcl-6 expression in T cells for GC B cell formation
(Johnston et al., 2009; Nurieva et al., 2009; Yu et al., 2009).
PD-1, amarker of Tfh cells (Haynes et al., 2007), is upregulated
as a consequence of Bcl-6 expression (Yu et al., 2009). PD-1-ex-
pressing cells are observed 2 days after OVA-alum immunization
of OT-II recipients and in T cells at the T:B zone border in the
spleen after SRBC immunization. Compared with Tfh cells
outside the follicles, GC Tfh cells express the highest levels of
PD-1 (Haynes et al., 2007; Lee et al., 2011; Yusuf et al., 2010).
PD-1 is classically defined as a negative regulator of T cell acti-
vation but its function on Tfh cells is not fully understood. GC B
cells express PD-1 ligands and PD-1 blockade was shown to
augment Tfh cell numbers in two separate studies (Good-Jacob-son et al., 2010; Hams et al., 2011). However, the impact on GC
magnitude and output differed, with one study showing
a decrease (Good-Jacobson et al., 2010) and the other one, an
increase (Hams et al., 2011) in Ag-specific Ig. It is thus likely
that the regulatory function of PD-1 may be dependent on the
type of GC response that is being mounted.
It is notable that, although CXCR5-deficient T cells are ineffi-
cient at supporting GC responses, they are not blocked to the
extent of Bcl-6-deficient T cells (Arnold et al., 2007; Haynes
et al., 2007; Johnston et al., 2009; Nurieva et al., 2009; Yu
et al., 2009). Cxcr5/ Tfh cells within GCs no longer show
concentration in the CXCL13hi light zone but are instead
dispersed within the GC (Arnold et al., 2007; Haynes et al.,
2007). The Bcl-6-dependent downregulation of CCR7 may be
an equally important phenotypic change fostering its access
to follicles and GCs (Arnold et al., 2007; Hardtke et al., 2005;
Haynes et al., 2007; Johnston et al., 2009; Nurieva et al., 2009;
Yu et al., 2009).
It seems likely that Bcl-6 mediates additional changes in
guidance receptor expression or function that foster Tfh cell
localization within GCs. Consistent with this notion, Kitano
et al. (2011) found that T cells with a hypomorphic mutation in
Bcl-6 were more severely affected in their ability to access
GCs than follicles. Because the intracellular signaling molecule
SAP is important for long B:T cell interactions and for efficient
access of Tfh cells to GC (Qi et al., 2008), and SAP is most
strongly induced in GC Tfh cells (Crotty, 2011), this may be
another factor acting downstream of Bcl-6 to promote Tfh cell
positioning in GCs. Although the initial movement of Tfh cells
into follicles can occur independently of association with B cells
(Kerfoot et al., 2011), it remains possible that long-lasting inter-
actions between GC B cells and Tfh cells promote Tfh cell entry
or retention within GCs. The reduced number of Tfh cells within
GCs of mice lacking the signaling adaptor Bam32 within B cells
may also be a consequence of reduced adhesiveness between
GC B cells and Tfh cells (Zhang et al., 2010). However, it is
possible that SAP acts in Tfh cells via adhesion-independent
mechanisms to promote GC association of Tfh cells.
In summary Bcl-6-dependent downregulation of CCR7,
PSGL-1, and possibly EBI2, together with upregulation of
CXCR5 and SAP-mediated signaling, appears to be critical for
positioning Tfh cells within GCs. Importantly, both sustained
Bcl-6 expression and the SAP-mediated signals that allow Tfh
cell retention in GCs depend on cognate and stable interaction
with B cells.
Role of Bcl-6 in TfhCell Biology: Is It All aboutMigration?
The kinetics of Bcl-6 regulation with maximal Bcl-6 expression
preceding entry into the GC, followed by partial downregulation
(Kitano et al., 2011), suggests that themain function of Bcl-6 is to
first facilitate cognate interaction with B cells at the T cell zone,
and then help position T cells in the GC. Unlike GC B cells that
re-enter successive rounds of division requiring Bcl-6 expres-
sion to maintain c-Myc expression (Shaffer et al., 2000), GC
T cells are less actively dividing, and thus, the pro-proliferative
effects of Bcl-6 may not be as important as for GC B cells.
Furthermore, the key function of Tfh cells, provision of IL-21-
and CD40L-mediated signals to B cells important for their
survival, is not exclusively dependent on Bcl-6 expression.Immunity 35, November 23, 2011 ª2011 Elsevier Inc. 675
Figure 3. Follicular Regulatory T Cells in
Germinal Center Tolerance
A subset of thymic-derived Treg (nTreg) cells up-
regulates Bcl-6 to turn on a program that allows
follicular entry. This process depends on SAP-
mediated interaction with B cells and leads to
upregulation of CXCR5 and PD-1. Within GCs,
follicular regulatory (Tfr) cells express high
amounts of Blimp-1 while retaining Bcl-6 expres-
sion. Tfr cells express a Treg effector phenotype
characterized by high amounts of IL-10 expres-
sion. Tfr cells can control Tfh cells and GC B cells,
although the mechanisms have not been eluci-
dated. Tfh cells are dedicated to selection of
high-affinity centrocytes (CCs) that can go on to
become long-lived plasma cells and memory B
cells. By contrast, Tfr cells appear to limit the
selection of non-antigen-specific B cells that may
have lost antigen reactivity through the process
of somatic hypermutation. Thus, it is possible
that Tfr cells prevent survival of self-reactive
B cells, maximize affinity maturation by limiting
the numbers of Tfh cells, and help curtail GC
responses.
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signaling (Bauquet et al., 2009; Ise et al., 2011; Schraml et al.,
2009). This is also possibly the case for CD40L, which is tran-
scribed at high amounts in non-Tfh human CD4 cells (Chtanova
et al., 2004; Rasheed et al., 2006). However, a role for Bcl-6 in the
regulation of CD40L expression has not been ruled out.
It is likely that Bcl-6 influences Tfh cell function beyond direct-
ing Tfh cells to the follicle. Tfh cells—particularly GC Tfh cells—
can be distinguished from non-Tfh cells by their pattern of cyto-
kine production (Yu and Vinuesa, 2010). Tfh cells are the highest
producers of IL-21 but do not produce IL-17 or IL-22. Although
Tfh cells arising in the context of viral or helminth infections
produce substantial IFN-g and IL-4 (King andMohrs, 2009; Rein-
hardt et al., 2009; Yusuf et al., 2010; Zaretsky et al., 2009), the
expression of these cytokines is generally less than their non-
Tfh, Th1, and Th2 cell counterparts (Ma et al., 2009; Yu et al.,
2009; Yusuf et al., 2010). In human tonsil, CXCR5hi cells are
the highest producers of IL-21 and lowest producers of IFN-g
and IL-17 (Ma et al., 2009; Yu et al., 2009). Partial or complete
downmodulation of IFN-g, IL-4, and IL-17 is probably explained
by the reported ability of Bcl-6 to repress T-bet (Tbx21) transcrip-
tion (Nurieva et al., 2009; Yu et al., 2009), GATA-3 protein expres-
sion (Kusam et al., 2003), and ROR-gT expression in humans and
function in mice (Nurieva et al., 2009; Yu et al., 2009).
Thus, Bcl-6 appears important not only to direct Tfh cells
toward and inside the follicles but can also modulate their func-
tion by limiting their ability to produce proinflammatory cytokines
inside GCs.
Co-option of the Follicular Differentiation Pathway by
Non-Helper T Cells
Plasticity in T cell fate has been widely demonstrated in recent
years. Different T cell subsets adopt each other’s transcription
factors to modulate migration ability, cytokine production
patterns, and ultimately function. Described examples include
the reciprocal differentiation of T helper 17 cells and induced
regulatory T cells (Lee et al., 2009) and the ability of regulatory
T (Treg) cells to become Tfh cells in Peyer’s patches (Tsuji
et al., 2009).676 Immunity 35, November 23, 2011 ª2011 Elsevier Inc.Also, within a defined T cell subset, expression of transcription
factors typical of other subsets can refine function without losing
identity. An example of this is fine-tuning Treg cells to better
repress Th1, Th2, or Th17 cells by upregulation and/or activation
of T-bet and STAT1, IRF-4 and STAT3 respectively (Chaudhry
et al., 2009; Koch et al., 2009; Zheng et al., 2009), without losing
FoxP3 expression. It is now becoming clear that several types
of non-Tfh cells can upregulate Bcl-6 to ultimately enter the
follicle. Importantly, these T cells do not necessarily become
conventional B cell helpers; instead some continue to perform
their unique regulatory functions within the GC (Figure 3).
Treg cells had been shown some years ago to be capable of
follicular entry (Fields et al., 2005; Lim et al., 2004). Very recently,
it has been shown that a subset of thymic-derived Treg cells
upregulates Bcl-6 and acquires the phenotype previously
thought to be unique to T helper cells—CXCR5hi PD-1hi Bcl-6+
ICOShi—but retain FoxP3 expression and a suppressive function
(Alexander et al., 2011; Chung et al., 2011; Linterman et al., 2011;
Wollenberg et al., 2011) (Figure 3). Acquisition of a CXCR5hi
PD-1hi phenotype depends on interaction with B cells and SAP
expression. These FoxP3+ follicular regulatory T (Tfr) cells can
be found in GC and coexpress the characteristic Treg cell
markers GITR and CTLA-4 and high amounts of IL-10 tran-
scripts. They repress Tfh cell and/or GC numbers, preventing
the outgrowth of non-antigen-specific B cells (Alexander et al.,
2011; Chung et al., 2011; Linterman et al., 2011; Wollenberg
et al., 2011). Their effect on antigen-specific B cells differed
between studies, possibly because of the experimental systems
used: failure to form Tfr cells leads to an increase in antigen-
specific B cells when Treg cells are CXCR5-deficient (Chung
et al., 2011), whereas a small decrease in antigen-specific B cells
is observed when Treg cells are SAP-deficient (Linterman et al.,
2011). Given that Treg cells bear self-reactive TCRs (Lio and
Hsieh, 2011), Tfr cell activity may be specialized in the repression
of self-reactive T and/or B cells, and thus, their main role may be
preventing the selection of autoantibody-producing B cells.
As opposed to Tfh cells that express high Bcl-6 and little
Blimp-1, Tfr cells express less Bcl-6 on average than Tfh cells
but high amounts of Blimp-1, which negatively controls Tfr cell
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sion of Blimp-1 is also required for optimal Tfr cell effector
function: Tfr cells are high IL-10 expressors, and it has been
shown that Treg cell effector function including IL-10 production
is dependent on Blimp-1 expression (Martins et al., 2006). A
conundrum that arises is how two mutually repressive transcrip-
tion factors can be coexpressed by the same cell. Even more
intriguing is how high Blimp-1 expression may be compatible
with follicular localization. The explanation is likely to be 2-fold.
First, the mutual repressive effects of these transcription factors
are likely to be quantitative rather than absolute. Thus, high
Blimp-1 expression is probably still compatible with some
Bcl-6 expression as shown in Tfr cells (Linterman et al., 2011).
Second, low amounts of Bcl-6 are likely to be sufficient to
maintain Tfr localized to GCs, particularly given the evidence
that Tfh cells themselves gradually downregulate Bcl-6 during
the GC response (Kitano et al., 2011).
It is not clear yet whether thymic-derived CD4+ FoxP3+ Treg
cells also undergo early and dichotomous polarization into
Blimp-1+ versus Bcl-6+ Treg cells upon encounter with antigen
on the surface of APCs. It is possible that this may be the
case, given the need, for example, for CD28 signaling for Tfh
and FoxP3+ Tfh cell formation.
CD4+ T cells are not the only regulatory T cells that can be
found in GCs. Q1-1-restricted CD8 T cells also have been
shown to inhibit Qa1+ Tfh cells in a perforin-dependent manner
(Kim et al., 2010). These T cells are CXCR5hi and localize to
GCs; this suggests that CD8+ follicular Treg cells have upregu-
lated Bcl-6, although this has not been tested; Bcl-6 is known
to be important for central CD8 T cell memory (Ichii et al.,
2004). Follicular CD8+ Treg cells also maintain a unique pheno-
type: unlike CD4+ Tfh cells, they express high amounts of
IL-7Ra and Treg cell-associated markers including IL-2Ra
and GITR.
Only recently, a subset of NKT cells has been identified that is
capable of establishing prolonged contact with B cells and
acquire a typical PD-1hi CXCR5hi phenotype dependent on
Bcl-6 expression (Chang et al., 2011). Furthermore, these so
called ‘‘NKTfh’’ cells produce IL-21 and can provide cognate
help to B cells to induce germinal center and extrafollicular
antibody responses. Unlike TD germinal centers, NKTfh-driven
GC reactions do not generate long-lived plasma cells nor
memory B cells (Chang et al., 2011; King et al., 2011). Thus,
different types of helper and regulatory T cells and NKT cells
can access follicles and help B cells upon turning on the Bcl-6
follicular differentiation program.
If terminally-differentiated effectors cells (Treg cells) can upre-
gulate Bcl-6 to enter GCs, it may be possible that Blimp-1+ Th1,
Th2, or Th17 cells also become Tfh cells in the presence of
signals that promote Bcl-6 upregulation (i.e., ICOSL plus IL-6
and IL-21) or upon withdrawal of signals required to maintain
Blimp-1 expression. Cell transfer approaches have provided
evidence for such differentiation during responses to helminth
antigens or persistent LCMV infection (Fahey et al., 2011; Zaret-
sky et al., 2009).
Thus, it appears than non-helper T cell subsets including
thymic-derived Treg cells, NKT cells, and possibly CD8+ T cells
upregulate Bcl-6 and establish cognate interactions with B cells,
thus adopting the Tfh cell differentiation pathway. This allowsthese cell subsets to access the follicles and play specialized
roles in the regulation of germinal center reactions.Are We Closer to a Unified Definition of Tfh Cells?
The definition of Tfh cells remains contentious. None of the
obvious criteria used to define Tfh cells appears to be suffi-
ciently inclusive or exclusive: follicular location excludes those
T cells in the interfollicular areas of lymph nodes or outer T zones
of spleen that provide help to B cells in a Bcl-6-dependent
manner to differentiate into GC B cells or extrafollicular plasma-
blasts. A definition according to expression of the Tfh cell tran-
scriptional regulator Bcl-6 is also problematic, not only because
of its gradual downregulation during the course of the GC
response, but also because it is expressed by Tfr cells that are
not helpers but suppressors. Defining Tfh cells according to
the ability to produce IL-21 is not ideal: there is emerging
evidence of heterogeneous expression of IL-21 by Tfh cells at
any one time and over their lifetime (D. Tarlinton, personal
communication). Phenotypic markers such as CXCR5 and
PD-1 are also helpful but as mentioned above, Tfr cells share
a PD-1hi CXCR5hi phenotype. Thus, in the absence of other
definitive and sufficiently ‘‘inclusive’’—i.e., including Tfh cells
at different locations with heterogeneous cytokine secretion
profiles—and ‘‘exclusive’’ —i.e., capable of discriminating
helpers from suppressors—criteria, we will need to remain
content with a flexible definition that combines differentiation
requirements and function. To date, such a definition of Tfh cells
would be CD4+ T cells that mature in a Bcl-6-dependent manner
and are capable of providing IL-21-dependent help to B cells
for GC formation and switched antigen-specific antibody
responses.Perspectives
The recent insights we have gained into Tfh cell development
promise to be translated into exciting new ways to manipulate
antibody responses. The knowledge that Tfh cell fate is deter-
mined at the time of T cell priming by DCs and can be enhanced
by strategies that alter the quality or quantity of antigen-presen-
tation opens up new possibilities to improve vaccination effi-
ciency. The discovery of specialized subsets of Tfr cells suggest
they may be key to maintenance of germinal center tolerance,
and their dysregulation may be at the core of autoantibody-
mediated diseases. Further understanding of the growth factors
and signals that maintain homeostasis of Tfh cells and Tfr cells
in germinal centers will be critical to design much needed
specific therapies for autoimmune diseases. Recent generation
of reagents and mouse models that allow tracking of these
different cell types as they mature and differentiate in vivo
promises to bring further understanding of the complex and
mutually dependent interactions among Tfh, Tfr, and B cells.
The formidable challenge ahead remains in developing systems
to investigate these cells, their function, and regulation in their
natural microenvironment in humans.
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